Abstract The treatment of 1,4-dioxane solution by electrochemical oxidation on boron-doped diamond was studied using a central composite design and the response surface methodology to investigate the use of SO 4 2− and HCO 3 − as supporting electrolytes considering the applied electric current, initial chemical oxygen demand (COD) value, and treatment time. Two industrial effluents containing bicarbonate alkalinity, one just carrying 1,4-dioxane (S1), and another one including 1,4-dioxane and 2-methyl-1,3-dioxolane (S2), were treated under optimized conditions and subsequently subjected to biodegradability assays with a Pseudomonas putida culture. Electrooxidation was compared with ozone oxidation (O 3 ) and its combination with hydrogen peroxide (O 3 /H 2 O 2 ). Regarding the experimental design, the optimal compromise for maximum COD removal at minimum energy consumption was shown at the maximum tested concentrations of SO 4 2− and HCO 3 − (41.6 and 32.8 mEq L ), applying a current density of 11.9 mA cm −2 for 3.8 h. Up to 98 % of the COD was removed in the electrooxidation treatment of S1 effluent using 114 kWh per kg of removed COD and about 91 % of the COD from S2 wastewater applying 49 kWh per kg of removed COD. The optimal biodegradability enhancement was achieved after 1 h of electrooxidation treatment. In comparison with O 3 and O 3 /H 2 O 2 alternatives, electrochemical oxidation achieved the fastest degradation rate per oxidant consumption unit, and it also resulted to be the most economical treatment in terms of energy consumption and price per unit of removed COD.
Introduction 1,4-dioxane is widely used as an industrial solvent, and it is also a common by-product of several chemical processes. Therefore, its occurrence in industrial effluents is an emerging issue that may contribute to a continuous xenobiotic contamination of groundwater and drinking water if it is not removed previously. In fact, there is a growing concern about the occurrence of 1,4-dioxane in water because of its impact on human health. 1,4-Dioxane is known to cause liver damage and kidney failure, and it has been reported to potentially promote cancer based on the evidence of carcinogenicity tests in animals, resulting in its classification as a group 2B (probable) human carcinogen (Adams et al. 1994; Choi et al. 2010; ECB 2002; USEPA 2010; Zenker et al. 2003) .
Conventional wastewater treatment processes are generally inefficient for 1,4-dioxane removal, owing to its high water solubility and resistance to biodegradation (Zenker et al. 2003) , although some modified biological processes have been reported viable for degrading 1,4-dioxane at a low initial concentration and at very long residence time (Han et al. 2012; Shen et al. 2008; Zenker et al. 2004 ).
Advanced oxidation processes (AOPs) are currently recognized as effective for the removal of biorefractory organic substances (Balcioglu et al. 2003; Coleman et al. 2007; Comninellis et al. 2008 ). The degradation of 1,4-dioxane has actually been carried out by several combinations of AOPs, namely sonochemical decomposition enhanced by ferrous ion (Beckett and Hua 2003) , photochemical degradation enhanced by hydrogen peroxide (H 2 O 2 ) (Maurino et al. 1997; Stefan and Bolton 1998) , ozonation combined with H 2 O 2 (Adams et al. 1994; Hermosilla et al. 2011) , photocatalysis combined with electrooxidation (Yanagida et al. 2008) , and electrooxidation (Choi et al. 2010) .
The main advantage of electrooxidation over other AOPs is that this treatment does not require the presence of additional oxidants, like H 2 O 2 . Particularly, boron-doped diamond (BDD) is considered the most efficient electrode material for anodic oxidation due to its significant chemical and electrochemical stability, good conductivity, and very high current efficiency, resulting in increased rates of effluent mineralization; since during the treatment by BDD electrodes, most degradation is expected to occur via reaction with the OH· radicals that are generated on the anode without requiring the use of additional oxidizing agents (Comninellis et al. 2008; Rodrigo et al. 2010; Vasudevan and Oturan 2013) .
On the other hand, electrolysis requires the presence of electrical conductivity. Therefore, the presence of different salts in the water matrix is an important factor to be considered. Various supporting electrolytes have been evaluated for the degradation of recalcitrant organics in synthetic solution, and sulfate has often been reported to be the most effective regarding degradation improvement (Cañizares et al. 2009a; Murugananthan et al. 2010; Velegraki et al. 2010) .
However, the presence of diverse salts and bicarbonate alkalinity in industrial wastewater are often inevitable and non-optional. The use of bicarbonate as a supporting electrolyte has generally been overlooked most likely due to its radical-scavenging effect, which has been reported to occur in many AOPs (Beckett and Hua 2003) . For example, Adams et al. (1994) reported that both the presence of bicarbonate and the competition by 2-methyl-1,3-dioxolane (MDO) increase the required dose of O 3 /H 2 O 2 for the oxidation of 1,4-dioxane in synthetic water. However, this has not been confirmed in industrial effluents yet. Although 1,4-dioxane is usually referred to as a contaminant of industrial wastewater, the studies on its degradation by AOPs (Beckett and Hua 2003; Choi et al. 2010; Maurino et al. 1997; Stefan and Bolton 1998; Yanagida et al. 2008 ) have almost all been performed using synthetic solutions, besides the particular exception of Fenton reaction. In this case, a considerably slower rate of organic carbon removal (11 % of the total organic carbon (TOC) in 10 h) was observed (Klecka and Gonsior 1986) .
The electrochemical treatment of industrial wastewater contaminated by 1,4-dioxane and its by-products (e.g., MDO; ECB 2002) in an effluent where the presence of HCO 3 − could theoretically provide the necessary conductivity for electrolysis has not been reported yet. Therefore, the treatment of 1,4-dioxane by electrochemical oxidation on BDD electrodes was studied by a central composite design and using response surface methodology in order to assess the use of SO 4 2− and HCO 3 − as supporting electrolytes, considering different levels for the applied electric current, initial chemical oxygen demand (COD), and treatment time. The treatment of industrial effluents in the presence of bicarbonate alkalinity was studied under optimized conditions, and electrochemically treated industrial samples were subsequently subjected to biodegradability assay by Pseudomonas putida. The cost analysis of this treatment and a comparison with other AOPs (O 3 oxidation and O 3 combined with H 2 O 2 ) were also carried out.
Materials and methods

Materials
Treatment optimization was carried out using a synthetic solution of 1,4-dioxane. This solution was prepared prior to experiments with ultrapure deionized water containing the electrolyte salts that were previously added. The final study performing electrooxidation under optimized conditions and biodegradability assessment was performed using industrial effluent samples that were supplied by a particular factory. Two industrial samples were treated (Table 1) , both in the presence of bicarbonate alkalinity: one just containing 1,4-dioxane (S1) and the other one carrying both 1,4-dioxane and MDO (S2). All used chemicals were of analytical grade. 1,4-dioxane (99.8 %) was provided by Sigma-Aldrich ® Chemie GmbH (Steinheim, Germany). The supporting electrolytes that were used for electrochemical treatment were sodium sulfate (Na 2 SO 4 , 99.0 %) and sodium hydrogen carbonate (NaHCO 3 , 99.7 %), supplied by Pancreac S.A. (Barcelona, Spain).
P. putida CECT 324 came from the Spanish Type Culture Collection (Colección Española de Cultivos Tipo, Valencia, Spain). Cultures were grown at pH=7 in 1 g L −1 of beef extract, 1 g L −1 of yeast extract, 5 g L −1 of peptone, and 5 g L −1 of NaCl and kept at −80°C in a cryogenic solution (glycerol 87 %). The mineral solution added to the culture medium in the biodegradability assays was made of 0.5 g L 
effluent), and preliminary experiments changing the applied current, which were performed prior to the current study, taking into account the example of Choi et al. (2010) . The studied responses were as follows: Y 1 =COD removal (percent); Y 2 =amount of removed COD (ΔCOD, kilograms of COD removed per cubic meters); Y 3 =total current efficiency (TCE); and Y 4 , energy consumption (EC, kilowatt-hour per kilogram of COD removed ). Particularly, TCE and EC were calculated by Eqs. 1 and 2 (Montilla et al. 2002; Panizza et al. 2001) :
where COD 0 and COD t (moles O 2 per cubic meter) are the values of initial COD and the COD at treatment time t, respectively. I (amperes) is the applied current intensity, F (coulombs per mole) is the Faraday constant, and V (cubic meters) is the volume of the sample solution.
where COD 0 and COD t (moles O 2 per cubic meter), I (amperes), and V (liters) are the same variables as in Eq. 1, and U (volts) is the average cell voltage. All the resulting responses (Y 1 -Y 4 ) were obtained for 1, 2, 3, 4, and 5 h of the electrochemical process (complete number of process responses=4·5=20). Finally, to reduce the number of responses (20) and to obtain four comprehensive regression models, reaction time was added to the list of factors as the fifth independent variable X 5 (hours). Therefore, the final experimental design which resulted to be five times bigger in terms of the total number of experimental points became 31·5=155. This magnification of the design is described schematically in Table 3 along with the complete set of the results for COD removal (Y 1 ).
Regression analyses were carried out using the following quadratic model:
where Y is the process response and X i …X k (k=5) are the above-considered independent variables. Experimental data were analyzed using both SYSTAT 13 (SYSTAT Software Inc., Chicago, IL, USA) and Minitab 16 (Minitab Inc., State College, PA, USA).
Biodegradability assays using P. putida Samples of electrochemically treated industrial effluents were subsequently subjected to biodegradability assays with P. putida cultures. The bacterial stock described in the methodology was previously melted at room temperature and cleaned twice with saline solution by centrifugation at 10,000 rpm for 5 min, removing the baseline medium and substituting it with a 0.9 % NaCl solution in order to remove the baseline COD provided by the organic growth medium and the glycerol solution. The sample pH was adjusted to 7.0 by the addition of 1 N HCl. A culture medium sample made up of 40 mL of sample and 10 mL of the mineral solution described above was inoculated with 200 μL of cleaned bacterial stock and incubated at 30°C for 100 h inside 250-mL Erlenmeyer flasks placed on a rotary platform. Assays were passed through 0.20-μm syringe filters (Minisart SRP 15, Sartorius Stedim Biotech GmbH, Germany) and analyzed for COD, TOC, and 1,4-dioxane and MDO contents, taking into account the dilution ratio resulting from the addition of the mineral solution.
Results and discussion
Optimization of the electrochemical treatment of 1,4-dioxane in synthetic solution by experimental design
The complete set of experimental results for COD removal, ΔCOD, TCE, and EC is presented in Table 4 . The quadratic models for the responses Y 1 , Y 2 , Y 3 , and Y 4 , based on these results, resulted to be all highly significant according to the high F and low p values resulting from the performed analysis of variance (ANOVA):
.39 (p<0.0001) for TCE, and F(Y 4 )=213.45 (p<0.0001) for EC. The constants (b values of Eq. 3, where X 1 , X 2 , X 3 , X 4 , and X 5 are the coded independent variables) for the obtained second-order regression models for these four process responses are shown in Table 5 . When plotting the experimental results against the values calculated by these quadratic models, the model prediction accuracy in terms of R 2 of the linear regression was 95.08 % for COD removal, 95.21 % for ΔCOD, 95.25 % for TCE, and 96.96 % for EC. These regression coefficients, along with the predicted and adjusted R 2 (R 2 pred and R 2 adj ), are also included in Table 5 . , and time=3 h for Fig. 2 ). Reaction time was the most important factor increasing COD removal (Fig. 1a) , which agrees to the standardized effect estimates of each model component and model analyses performed by ANOVA. The percent contribution based on the portion of the sums of squares in ANOVA (Dopar et al. 2011; Yetilmezsoy et al. 2009 ) was 55.7 and 373 % for time (X 5 ) in the models of COD removal and ΔCOD, respectively. Up to 100 % COD removal could be achieved in 5 h of electrooxidation (≈130 kWh kgCOD removed −1 ), whereas about 85 % of the COD was already removed in 3 h (≈85 kWh kgCOD removed −1 ). Applied current density (j) also had an important positive influence on COD removal. The percent contribution of j to COD removal and ΔCOD in the models was 23.8 and 26.6 %, respectively. However, the surface curvature reached a plateau at around 12 mA cm −2
, showing that a further increase in j does not bring along a significant COD removal increase.
The response surface for TCE (Fig. 1b) shows an opposite tendency, that is, electric current efficiency was highest at the lowest applied current density and at the shortest reaction time. As COD decreases in time, more current excess was gradually provided for its oxidation. This current did not further contribute to the degradation of such a low initial COD because the process was limited by mass transportation instead (Montilla et al. 2002; Panizza et al. 2001) . For instance, TCE dropped from about 0.75 at 1 h of treatment to approximately 0.4 after 5 h when using j=12 mA cm
. Although the percentage of COD removal was greater when performing the process using a lower initial COD, the (Fig. 2a) , and therefore TCE and EC as well (Fig. 2b) , resulted to be greater when adding a higher initial COD value. The percent contributions of COD 0 to explain the models for ΔCOD, TCE, and EC were 15.1, 35.0, and 18.6 %, respectively. As shown in Fig. 2a . The same pattern was shown for EC (Fig. 2b) . Under the same reaction conditions, ≈190 kWh was consumed per 1 kg of COD removed when COD 0 was 150 mg L −1, whereas a much less EC (≈50 kWh kgCOD removed
) was consumed when 750 mg L −1 of COD 0 was used. However, the positive effect of j in increasing COD removal and ΔCOD was minimal at . Therefore, EC could substantially be reduced.
Regarding the effect of the supporting electrolyte, no radical scavenging effect in terms of a negative influence on COD removal was found for either SO 4 2− or HCO 3 − . On the contrary, the presence of both salts rather enhanced the process. While HCO 3 − was slightly more influential than SO 4 2− in increasing COD removal (and ΔCOD), their positive effect (significance in terms of p≤0.05) was rather small in the studied concentration range (Fig. 3a) . The percent contribution of SO 4 2− and HCO 3 − to the COD removal (Y 1 ) model was 0.7 and 1.6 %, respectively. On the other hand, both salts were important factors to be considered for decreasing the consumption in kilowatt-hours, meaning that their principal effect simply laid on providing the necessary conductivity for electrolysis. Neither the scavenging effect of bicarbonate nor the additional oxidative effect of sulfate played an important role in the oxidation process. As presented in Fig. 3b , SO 4 2− had a slightly greater effect on EC than HCO 3 − (percent contributions based on the sums of squares were 7.3 and 5.3 %, respectively), since the first one provides somewhat higher conductivity to the solution. However, differences were small, addressing that the natural bicarbonate alkalinity of certain wastewater may serve as a good electrolyte for performing electrochemical oxidation, just as good as SO 4 2− salts may be. To illustrate the discussion above, Fig. 4 shows the optimization plot for a maximum COD removal, ΔCOD, and TCE at a minimum EC. The optimal compromise is reached in the presence of the maximum concentrations of both electrolytes (41.6 mEq L −1 of SO 4 2− and 32.8 mEq L −1 of HCO 3 − ) when the maximum initial COD of 750 mg L −1 was used and a current density of 11.9 mA cm −2 was applied for 3.8 h.
Treatment of industrial wastewater containing 1,4-dioxane
Electrochemical degradation of industrial effluents
Considering the results of the just reported experimental design, the electrochemical treatment of industrial effluents was carried out applying a current density of 12 mA cm
, in the presence of the initial bicarbonate alkalinity of the effluent Fig. 4 Optimization plot for maximum COD removal (percent) and amount of COD removed (ΔCOD) at a maximum total current efficiency (TCE) and a minimum energetic consumption (EC) (y stands for the process response at optimal compromise, d stands for the desirability of the process response, and D stands for composite desirability) ). In fact, very good regression coefficients were achieved (R 2 COD % = 99.01 %, R 2 ΔCOD =99.21 %, R 2 TCE =99.27 %, and R 2 EC = 98.95 %) when plotting the experimental results using industrial effluent against the model predictions reported using synthetic 1,4-dioxane solution. Figure 6 illustrates the evolution of the biodegradability of S1 and S2 effluents along with the degradation of COD, TOC, and 1,4-dioxane and MDO contents during their electrochemical treatment. A nearly complete mineralization was achieved in the electrochemical treatment of S1, whereas almost 90 % of the TOC was removed from S2. The major part of 1,4-dioxane (about an 85 % in both S1 and S2 effluents), as well as almost all MDO from S2 (≈90 % removal), was degraded in 2 h of electrooxidation treatment (using≈21 kWh m −3 for both effluents). 1,4-dioxane removal was independent of the presence of MDO, following a similar trend in both effluents (Fig. 6a, b) . The degradation of 1,4-dioxane was greater at the beginning of the experiment and started slacking off in time as its concentration diminished. About 60, 85, and 90 % of the compound were degraded in 1, 2, and 3 h of treatment, respectively. The removal of MDO from S2 (Fig. 6b) otherwise appeared to be independent of its concentration, showing a linear degradation in time: about 45 and 90 % removals were achieved after 1 and 2 h of the process, respectively, and no MDO was detected after 3 h of electrooxidation treatment. The initial biodegradability of S1 effluent (5 % of the initial COD) was significantly increased by the electrochemical process. After 1 h of electrooxidation treatment, the biodegradable part of the residual COD was 19 %. A further treatment time did not lead to a further increase of the biodegradability of the solution, meaning either that the intermediates produced afterwards resulted to be less biodegradable or that the remaining part of the organic matter was already too diluted for feeding bacteria. On the other hand, the biodegradability of S2 was initially higher (26 % of the COD), which means that MDO is more susceptible to biodegradation. In fact, more than 50 % of the initial MDO content in S2 effluent was removed by the biological treatment with P. putida, while a negligible amount of 1,4-dioxane was degraded. As a result, the biodegradability of S2 effluent remained similar after 1 h of electrooxidation treatment (27 % of the COD). However, considering the overall results, almost 50 % of the COD, along with 85 % of the content of MDO, and 75 % of 1,4-dioxane were removed by the combined process treatment of S2 effluent. If the starting solution for biodegradation was the resulting solution of a 2-h electrooxidation process, the biodegradability of S2 effluent decreased, meaning that the resulting intermediate products were less biodegradable. Considering these results, if electrooxidation is to be used as a pretreatment for such industrial effluents prior to a biological process, the optimal time for the advanced oxidation step with the current reactor design would be approximately of 1 h applying a current density of 12 mA cm −2 (≈10 kWh m
−3
). However, further research should be conducted to monitor the evolution of biodegradability determined by several methods and, using a shorter time interval, in order to determine the precise optimal time for an electrochemical pretreatment. results of the current study were compared with a previous work devoted to the treatment of the same effluents S1 and S2 by O 3 and O 3 combined with H 2 O 2 oxidation processes (Hermosilla et al. 2011) . To compare several AOPs that use different oxidative agents, the so-called oxygen-equivalent chemical-oxidation capacity (OCC) parameter was used, as proposed by Cañizares et al. (2009b) 
Panels a and b in Fig. 7 show the evolution of COD in both effluents (S1 and S2) along the application of all three different AOPs as a function of treatment time and OCC, respectively. It can be checked that the electrochemical treatment produced a faster degradation compared with ozonation, whereas O 3 oxidation combined with H 2 O 2 addressed not only a much faster kinetics along the first process hour (Fig. 7a) but also an almost ineffective degradation during the following treatment time, which implies that the faster oxidation was mainly caused by the presence of H 2 O 2 , which was consumed in about 1 h. Figure 7b Initial effluent (S1) After 50% COD removal by EO After 50% COD removal by O 3 Fig. 8 Evolution of the COD in the biodegradation tests carried on by P. putida on the initial industrial effluent containing 1,4-dioxane (S1) and on the same S1 effluent previously treated by electrooxidation (EO) or O 3 (both performed until 50 % COD removal was achieved). Conditions for EO: j=12 mA cm organic load present in the S2 effluent significantly increased the OCC for the O 3 /H 2 O 2 process and that the fastest degradation per consumed oxidant was really produced by the electrooxidation process. The enhancements of biodegradability by both electrooxidation and O 3 processes were also compared performing bioassays with P. putida (Fig. 8) . The biological treatment was applied to the industrial effluent S1 and two other effluents with the same COD (50 % of the initial COD) remaining after applying either electrooxidation or O 3 pretreatment to S1. The initial wastewater containing 1,4-dioxane had not enough biodegradability to be treated by P. putida, so COD remained constant after this biodegradation trial. After an electrooxidation or O 3 pretreatment, a further 25 % of the remaining COD was degraded by P. putida in 48 h and about 45 % after 120 h in both cases. This indicates that the degradation of 1,4-dioxane is most likely to follow a similar pathway along both AOPs, achieving a similar biodegradability if the same COD amount was previously removed. However, as COD reduction resulted faster for the electrochemical pretreatment (Fig. 7) , this similar level of biodegradability was also achieved faster than in the ozonation process.
In addition, the treatment cost per unit of removed COD was estimated considering the price of industrial electric power in Spain (0.12 EUR/kWh; Eurostat 2012) and the wholesale price of industrial-grade H 2 O 2 and Na 2 SO 4 (0.61 and 0.09 EUR/kg, respectively; ISIC 2012). Electricity consumption was estimated considering the average consumption of a typical industrial O 3 generator (8 kWh per 1 kg of O 3 rich gas; i.e., 8 % of O 3 in oxygen), an additional energy consumption for refrigerating the O 3 generator (approximately 30 %), and the additional consumption of an Adamant PP1000industrial power supply per kilowatt-hour applied to the process (an extra 5 % from the grid). The results shown in Table 6 indicate that electrochemical oxidation was the most economical alternative in terms of energy consumption and the price per amount of removed COD, whereas O 3 oxidation may be rendered unfeasible due to its high treatment cost and slow oxidation kinetics. O 3 /H 2 O 2 treatment may result competitive to electrooxidation when optimizing treatment time to consume all H 2 O 2 , but an electrooxidation/H 2 O 2 combination might be considered instead.
Conclusions
In the electrochemical treatment of synthetic 1,4-dioxane solution, the optimal compromise for achieving a maximum COD removal at a maximum current efficiency and producing the minimum energy consumption was reached using the designed highest concentrations of SO 4 2− (41.6 mEq L ) and applying a current density of 11.9 mA cm −2 for 3.8 h. The regression models resulting from the experimental design for the electrooxidation treatment of a 1,4-dioxane synthetic solution accurately predicted the posterior electrooxidation treatment of an industrial sample just containing 1,4-dioxane (S1): R 2 COD % =99.01 %, R 2 ΔCOD =99.21 %, R 2 TCE =99.27 %, and R 2 EC =98.95 %. In the treatment of industrial effluents with bicarbonate alkalinity, up to 98 % of the COD was removed in the electrooxidation of the effluent just containing 1,4-dioxane Table 6 Energetic and economic comparison of the treatment of effluents S1 (1,4-dioxane) and S2 (1, (S1), consuming 114 kWh kgCOD removed −1 and 91 % COD removal was achieved for the effluent containing both 1,4-dioxane and MDO (S2), but resulting in the consumption of 49 kWh kgCOD removed −1
. Complementarily, the almost total mineralization of effluent S1 and about 90 % TOC removal in effluent S2 were achieved. In addition, the major part of 1,4-dioxane (≈85 %) was already degraded in both industrial effluents after 2 h of electrooxidation treatment (≈21 kWh m
−3
). The highest biodegradability enhancement was achieved in approximately 1 h of electrooxidation at 12 mA cm −2 (≈10 kWh m −3 ) for both effluents. The biodegradability of the wastewater containing 1,4-dioxane and MDO (S2) was originally higher precisely due to the content of MDO, which was more susceptible to biodegradation. In comparison with O 3 and O 3 /H 2 O 2 , the fastest degradation per consumed oxidant was achieved by electrooxidation. This treatment also resulted to be the cheapest one in terms of kilowatt-hours and the price per amount of removed COD. Namely, energy consumption and the average price of the process to reach 90 % COD removal were 90 and 50 kWh kgCOD removed −1 and 11 and 6 EUR kgCOD removed −1
, for S1 and S2 effluents, respectively.
